Background. Early and accurate assessment of renal function is required for the successful detection and treatment of acute kidney injury (AKI). However, only retention parameters such as plasma urea and creatinine, and the indirect estimation of glomerular filtration rate are commonly available. Methods. Here, we measured the kinetics of plasma fluorescein isothiocyanate (FITC)-sinistrin excretion to detect alterations of renal function over time in a murine model of rhabdomyolysis-induced AKI. The half-life of FITC-sinistrin was evaluated using a transcutaneous device at different time points in conscious mice, from 4 days before renal damage up to 30 days after. Retention markers were also evaluated, in parallel. Results. Evaluation of the FITC-sinistrin half-life revealed early reduction of renal filtration, observed as early as 6 h after renal damage, and maintained up to 12 h following AKI. Plasma creatinine and urea levels correlated with the transcutaneous measurements of sinistrin excretion. Evaluation of sinistrin excretion also demonstrated that glycerol-treated animals did not develop AKI. Finally, histological analysis showed the presence of renal parenchymal lesions, which developed following the reduced renal filtration and persisted over time, highlighting the causative role of vascular dysfunction and myoglobin toxicity on the subsequent induction of tissue damage. Conclusions. Taken together, the results of this study provide important insights into the pathophysiology of kidney injury in rhabdomyolytic mice, and indicate that the transcutaneous measurement of FITC-sinistrin is an efficient and simple method to assess renal function precisely. This method also allows reduction of the required number of experimental animals by monitoring the same mouse over time.
I N T R O D U C T I O N
Genetic defects, infections, abuse of drugs or alcohol as well as severe muscular trauma, are among the reported causes of muscular disruption, or rhabdomyolysis [1] . This condition leads to the leakage of muscle cell content, including myoglobin, creatinine kinase (CK), creatinine and other metabolites into the blood flow [2] . Acute kidney injury (AKI) is a potential complication occurring in 33-50% of patients affected by both traumatic and non-traumatic rhabdomyolysis, and represents the main cause of their mortality [3] [4] [5] .
Renal failure is triggered by the increase of myoglobinaemia, which provokes arterial vasoconstriction coupled to the aggregation of myoglobin and uric acid within the lumens of renal tubules, leading to tubular necrosis and obstruction. These events cause a decrease in the glomerular filtration rate (GFR) and the establishment of AKI [1, 3, 5, 6] . In addition, a condition called hyperCKaemia has been reported as a mild form of rhabdomyolysis that does not necessarily lead to renal failure [1] .
In a pre-clinical context, models of rhabdomyolysis are typically established in rodents by administration of an intramuscular (i.m.) injection of a 50% glycerol solution. Blood urea nitrogen (BUN) and plasma levels of creatinine have been commonly reported as indicators of the progression of acute renal failure. In some studies, urine analyses have also been included to assess fractional excretion of sodium/urea and urinary concentration [7] [8] [9] . However, these indicators are of limited use in the early detection of AKI [10] . Furthermore, previously published reports have shown that standard assays employed to assess serum or urinary levels of creatinine and BUN, especially colourimetric Jaffe, tend to provide biased outcomes [11] [12] [13] [14] .
Recent studies have shown that the use of exogenous compounds for assessing renal function may provide more reliable results. Among others, fluorescein isothiocyanate (FITC)-labelled inulin is considered the gold-standard compound for measuring renal clearance in mice [15, 16] . However, the assay involves collecting blood samples and the heating and dialysis of FITC-inulin before use. Further developments have involved the use of FITCsinistrin as the new compound for analysis, which is characterized by a higher degree of labelling and water solubility, making heating and dialysis unnecessary. FITC-sinistrin has been successfully employed to evaluate renal function in mice. A specifically designed device applied on the mouse skin was used to measure the kinetics of the compound by exciting and detecting FITC-sinistrin fluorescence through the skin. The method, previously validated against gold-standard plasma clearance methods for mice and rats [17, 18] , allows the measurement of GFR in conscious animals after a single injection of FITC-sinistrin, avoiding urine and blood sampling and dramatically reducing the interference of anaesthesia on the renal function assessment [19] . Moreover, the possibility of performing sequential measurements [20] allows the monitoring of the progression of renal function in mouse models of renal disease. This approach has already been successfully applied in murine models of chronic renal failure [21] . This method was used for the first time-in this study-to monitor the short-and long-term progression of glycerol-induced AKI in mice. We aimed to provide a rigorous characterization of the mouse model of glycerol-induced rhabdomyolysis by measuring the renal function transcutaneously, at specific time points. Blood sampling performed at the same time points allowed the enzymatic measurement of plasma levels of creatinine, BUN and CK for comparison. The study also included histological analysis to further investigate the renal effects of rhabdomyolysis.
M A T E R I A L S A N D M E T H O D S

Animal groups
All experiments were conducted in accordance with the German Animal Protection Law and approved by the local authority (Regierungspr€ asidium Nordbaden, Karlsruhe Germany in agreement with EU guideline 2010/63/EU-Tierversuchsantrag G-14/13). The animal groups consisted of a total of 54 male 8-week-old severe combined immunodeficiency (SCID) mice (Charles River Laboratories, Lyon, France).
Experimental set-up for FITC-sinistrin and retention marker evaluation Two different groups of experiments were set up: short-term experiments analysing single time points and long-term experiments analysing long-term time points in the same animals ( Figure 1 ). AKI was induced as follows. Mice were anaesthetized with an intraperitonal injection of 100 mL/kg body weight of anaesthetic solution: 120 mg/kg Zoletil (Virbac, Carros, France) and 10 mg/kg Rompum (Bayer, Leverkusen, Germany). After glycerol or vehicle i.m. application (8 mL/kg of 1:2 dilution in distilled water or 8 mL/kg of distilled water for control mice), the eyes of the mice were protected with Bepanthenol cream (Bayer). Buprenorphin was also administrated (Temgesic R 0.05 mg/kg body weight) periodically to reduce pain. Baseline FITC-sinistrin half-life (t 1/2 ) was measured transcutaneously 4 days before the induction of the injury. Blood samples were collected at the same time points for enzymatic measurements of creatinine, BUN and CK in all animals ( Figure 1 ). The same procedures were repeated after the i.m. injection in three shortterm groups: at 6 h (n ¼ 6 and n ¼ 4 controls), 8 h (n ¼ 6 and n ¼ 4 controls) and 12 h (n ¼ 9 and n ¼ 4 controls) and in one long-term group (n¼ 8 and n¼ 5 controls) at 72, 240 and 720 h (Figure 1 ).
Transcutaneous assessment of renal function
The procedure has been previously described [18] . In brief, while the animals were under isoflurane anaesthesia (Abbott Laboratories, Abbott Park, IL, USA), part of the back of the mice was depilated. Afterwards the specifically designed device was fixed on the depilated region using a double-sided adhesive patch (Lohmann, Neuwied, Germany). The device started to measure the background signal (emitted by the skin before the administration of the fluorescent compound) for 5 min before FITC-sinistrin (7.5 mg/100 g body weight dissolved in NaCl 0.9%) was injected in the retro-orbital sinus [22] . Measurement time was 60 min with a measurement interval of $1 s. With respect to signal-to-noise ratio, the transcutaneous measurement was stopped after 60 min.
Mathematical model
Half-life, according to the previously published validation [17] , was used in this study as unique parameter for the evaluation of renal function. Half-life was directly calculated from the transcutaneously measured FITC-sinistrin kinetics. Unlike the previously published studies [17, 18] , transcutaneous halflife was derived from fitting the measured kinetics with a three exponential function, according to a three-compartment model. Each compartment is mathematically described by an exponential function, whose rate constants pertain to the injection and mixing of the marker, the plasma compartment and the interstitial compartment, respectively. In particular, the half-life is calculated from the rate constant of the first exponential, modelling the late phase of the kinetics curve dominated by the excretion process. Besides having a higher precision and robustness, this approach was preferred specifically for the data set object of investigation. Indeed, half-life could not be calculated from a single-exponential model (as a finite value) on kinetic curves describing absence of excretion within the 1-h measurement, a characteristic condition of the acute stage of the glycerol-induced injury. Nevertheless, the three-exponential and the single-exponential model provide highly comparable results when dealing with acquisitions in healthy or less injured mice (data not shown).
Plasma urea, creatinine and CK evaluation
Blood drops (max. 0.150 mL) were collected from the submandibular vein. Blood sampling was repeated at the scheduled time points. After a centrifugation (11 000 rpm, 4 min at room temperature), plasma was collected and stored at -20 C for creatinine (enzymatic method), BUN and CK measurement (Cobas and 411 analyser, Roche, Basel, Switzerland).
Histological analysis
Retrograde body perfusion (3 min with heparinized 0.9% NaCl solution followed by 3 min with 4% paraformaldehyde under a pressure of 150 mbar) and kidney collection were performed at different time points. In particular, organs were recovered from short-and long-term experimental sets (6, 8, 12 and 720 h; Figure 1 ) and in two sets of additional AKI mice (four animals each for 72 and 240 h).
Once included in paraffin, 5-mm-thick-paraffin kidney sections were stained with haematoxylin and eosin (Merck, Darmstadt, Germany). Luminal hyaline casts were assessed in cortex and medulla in non-overlapping fields (up to 20 for each section) using a 100Â objective (high-power field) and recorded in a single-blind fashion.
Statistical analysis
Results are generally expressed as mean6 standard deviation. Statistical analysis was performed by using Student's t-test, ANOVA with Dunnet's multicomparison tests or bivariate correlation analysis as appropriate (JMP V R software from SAS Institute Inc., Cary, NC, USA).
R E S U L T S
Evaluation of renal function by measuring the half-life of FITC-sinistrin AKI was induced in SCID mice by injecting a 1:2 solution of glycerol (8 mL/kg), as previously described [23] . Intramuscular injection of glycerol causes rhabdomyolysis of the muscular tissue, thereby releasing large quantities of enzymes, haemoglobin, myoglobin and iron, causing renal tubular injury. The three short-term groups underwent the t 1/2 baseline measurements and blood sampling at 4 days before i.m. injection, and then at 6, 8 and 12 h after the i.m. injection, respectively ( Figure 1A-C) . In the long-term experimental group, we measured the half-life (t 1/2 ) of FITC-sinistrin in glycerol-treated mice 4 days before inducing the injury (baseline) and, in the same animal, at 72 (3 days), 240 (10 days) and 720 h (30 days) after the injection. Control-group mice received 8 mL/kg of saline solution ( Figure  1D ). All FITC-sinistrin half-life (t 1/2 ) values and plasma parameters obtained (creatinine, BUN and CK) are reported in the Supplementary data (Supplementary Tables S1-S4) . Figure 2 shows a box-plot of the FITC-sinistrin half-life values. Excellent uniformity of the mice was shown at baseline, with a physiological FITC-sinistrin t 1/2 of around 10 min. A significant increase in t 1/2 was observed at 6 and 8 h after induction of the injury. Partial recovery was observed at just 72 h after glycerol administration, with a return to baseline values at 240 h. A group of mice (n ¼ 4 short-term, n ¼ 3 long-term) did not show any significant variation in t 1/2 with respect to baseline values, although they received an i.m. injection of glycerol. The corresponding t 1/2 values were visualized separately (blue boxes in Figure 2) . In control animals, treated with vehicle alone, no significant variation was detected and the mean value of t 1/2 remained $10 min at all time points (Figure 2 and Supplementary Tables S1-S4). The representative curves of the FITC-sinistrin excretion at basal conditions, and after injury, are shown in Figure 3 
>Evaluation of renal function using plasma creatinine and urea
In parallel with the measurement of half-life, blood samples were collected at the same time points (Figure 1) .
Both creatinine and urea values rapidly increased at 6 h after glycerol injection, remained significantly high up to 72 h postinjection, and returned to baseline values at 240 h (Figures 4 and  5A) , correlating with the trend observed for the FITC-sinistrin t 1/2 . In particular, BUN showed a peak at 72 h, while the creatinine peak was detected as early as 6 h post-injection. This discrepancy in the kinetics of the retention markers could possibly be due to the rapid increase in creatinine due to muscle damage. Indeed, the plasmatic concentration of CK, a marker of muscle injury, increased more than 10 times in AKI mice in the first 12 h. In the control group, with vehicle treatment, no variation of plasmatic urea, creatinine or CK was detected (Figures 4 and 5A) . No increase in creatinine or urea was detected in the glycerol-treated mice with unaltered t 1/2 with respect to the baseline, confirming the absence of renal damage. In those animals, CK also showed a minimal increase.
All values of plasma creatinine, BUN and CK obtained are reported in the Supplementary data (Supplementary Tables S1-S4) .
Correlation analyses between methods
In order to ascertain whether the different methods for the evaluation of renal function correlated, we performed a bivariate analysis of the results, not considering the 'treatment' (vehicle or glycerol) parameter. A positive and significant correlation between t 1/2 and plasmatic creatinine or urea (Pvalue <0.001) was observed ( Figure 5B ).
Histological analysis of AKI
Histological analysis of kidney sections showed the presence of renal lesions, characteristic of AKI, following glycerol injection ( Figure 6 ). However, these alterations were observed at later times than the functional parameters. Tubular casts and necrotic zones with decellularized tubules appeared at 12 h after damage. The diffuse damage characterized by loss of the tissue architecture and dispersed casts and denudated tubules peaked at 72 h. At 240 h (Day 10), the tissue organization was almost restored, but it was still possible to detect some casts and decellularized tubules ( Figure 6 ).
D I S C U S S I O N
In the present work, we successfully used a novel technique for the transcutaneous measurement of renal function in conscious mice with AKI. The results showed that evaluating the half-life of sinistrin allowed the detection of early changes in the GFR, observed as early as 6 h, and persisting up to 12 h. In addition, this method was able to detect the changes in glomerular filtration at 3 days, and the subsequent return to baseline after 10 and 30 days, in the same animal. Finally, the evaluation of the sinistrin t 1/2 correlated with circulating levels of urea and creatinine.
The early detection of renal damage in AKI is a fundamental clinical need, and potential urinary and plasmatic markers are currently being studied, such as kidney injury molecule-1 (KIM-1), neutrophil gelatinase-associated lipocalin (NGAL), N-acetyl-a-D-glucosaminidase (NAG) and Cystatin-C (Cys-C) [10] . Assessing the renal filtration, however, is still the standard diagnostic tool, due to its reliability and ease of quantification. The kinetic of FITC-sinistrin excretion was evaluated using the transcutaneous device at different time points and calculated using a three compartment model as described in 'Materials and methods' section. The number (n) of animals for each experimental group is also reported.
In this study, we tested a new approach based on the continuous measurement of the plasmatic concentration of FITCsinistrin, which is completely excreted in the urine. This technique has several advantages, such as the rapidity of preparation of the probe, the absence of blood sampling and the use of a brief anaesthesia by isoflurane [17, 18, 20, 24] . In addition, from an experimental point of view, the same animal can be followed over time, thus reducing the number of experimental animals required, and increasing the completeness of the studies. Furthermore, this technique overcomes the problem of having to handle radioactive probes [25] . Moreover, compared with FITC-inulin detection in plasma, no blood sampling is required [15] . Our results showed that measuring the FITC-sinistrin t 1/2 was a reliable technique to assess renal function in the rhabdomyolysis-induced AKI mice model.
In particular, the GFR appeared to decrease between 6 and 12 h after glycerol injection, when the FITC-sinistrin t 1/2 increased from a baseline of approximately 10-50 min.
In order to establish the consistency of the transcutaneous technique with established methods, we correlated the FITCsinistrin t 1/2 with the values obtained by measuring the plasmatic concentration of creatinine and urea. In our experiments in AKI mice, urea and creatinine increased as early as 6 h. At this time, creatinine showed a maximal peak, whereas urea reached its maximal values at 72 h after the injury.
A complete correlation analysis showed that the FITCsinistrin t 1/2 was associated with urea and creatinine levels . [26] , suggesting that the use of this marker should be treated with caution. This implies that the discrepancy between the time of increase in creatinine and urea could be, at least in part, related to the initial increase in creatinine due to muscle destruction. Indeed, the quantification of plasmatic CK indicated the presence of muscle injury. Taken together, these data suggest that measuring the creatinine is less specific in rhabdomyolysis than measuring the urea and sinistrin t 1/2 .
The method of transcutaneous evaluation allowed the monitoring of the renal function in the same conscious animal over time. Interestingly, the method identified the animals that, although treated, did not develop kidney damage, as further confirmed by the levels of the retention markers. Therefore, measuring the half-life of sinistrin in experimental studies in mice has the advantage of detecting animals with Indeed, the device was successfully used to monitor disease progression in a mouse model of adriamycin-induced nephropathy [21] .
Glycerol-induced AKI is a widely used murine model. Several reports have described the histological features of renal damage as well as the increase of functional parameters between 24 and 72 h after glycerol injection [27] [28] [29] . In the present study, comparing the development of tissue damage and renal filtration, we observed that parenchymal lesions were evident subsequent to the decrease in renal filtration, occurring as early as 24 h. Accordingly, detection of BUN peaked at 72 h. This observation underlies the causative role of combined vascular dysfunction, coupled with direct toxicity of myoglobin, on the subsequent induction of tissue damage. Indeed, after the muscular damage, the systemic release of the myocyte content was reported to be associated with vasoconstriction and with reduction of renal perfusion, which, in turn, may cause kidney dysfunction [30] . Subsequently, myoglobin accumulation may cause additional oxidative damage to the renal tubular cells [31] . Different mechanisms have been proposed, including redox cycling between ferric and ferryl myoglobin with the generation of radical species, as well as direct peroxidation of mitochondrial membranes due to the release of iron ions from myoglobin haem [32, 33] .
Taken together, the results of this study indicate that the kinetics of the AKI induction can be evaluated using both direct (sinistrin t 1/2 ) and indirect (plasmatic urea or creatinine) measurement of renal excretory function, in rhabdomyolytic mice. Kidney injury appears to develop on Day 1, between 6 and 12 h after glycerol injection. This functional impairment is followed, or accompanied, by tubular cell damage, which reaches its maximal development in the subsequent days. Finally, after 240 h, the acute effect of the kidney injury fades and the recovery process starts.
In conclusion, we have provided evidence here that the transcutaneous measurement of FITC-sinistrin is a useful and reliable method to detect renal function in an AKI murine model. These characteristics are promising for developing a new diagnostic tool.
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